Abstract -Stepped fishways are the most popular solutions to enable the free movement of fish fauna through weirs and dams. Given the flow variation of rivers throughout the year, successful fish migration through stepped fishways relies on the accurate discharge calculation and their modeling under variable scenarios. This study aims to propose a general method for flow and water level calculation of stepped fishways, unifying different findings in specialized literature. To achieve this purpose, the relation defined by Villemonte is used and tested under laboratory and field case studies. This study shows that the hydraulic behavior of a wide range of stepped fishway typologies can be explained based on a single equation, as well as the need of calibration of the coefficients involved in this equation for different subtypes. Furthermore, the proposed method enables the water level modeling under variable boundary conditions, which in turns allows the analysis of stepped fishways hydraulic performance under different river scenarios. The comparison of the hydraulic parameters in the fishways with the physical capacities and preferences of fish will contribute to the fulfillment of their main objective: allow free movement of fish fauna.
Introduction
Humans have found in rivers a source to satisfy many of their basic necessities, which have resulted in their geomorphological and ecological alteration (Nilsson et al., 2005) . One of the most notable alteration in rivers is the installation of cross-sectional structures (e.g. weirs and dams) to satisfy water and energy requirements or for flood control. These structures fragment the stream and can block the movement of some animals such as fish, which require different environments to complete their life cycles (Lucas et al., 2001; Branco et al., 2013) . In recent years, ensuring undisturbed fish migration has become a key component of watershed restoration (Santos et al., 2014) and the installation of fishways is one of the most widely adopted solution in order to achieve this objective.
There are many types of fishways. The most common ones consist of a succession of cross-walls in a sloped channel, namely, stepped fishways or fish ladders ( Fig. 1 ) (e.g. vertical slot fishway (VSF) (Rajaratnam et al., 1986; Larinier, 2002b; Fuentes-Pérez et al., 2014) , pool and weir fishway (PWF) (Rajaratnam et al., 1988; Larinier, 2002b; Fuentes-Pérez et al., 2016) , and step-pool nature-like fishway (SPNF) (FAO/ DVWK, 2002; Wang and Hartlieb, 2011) ). These structures divide the total height of the obstacle (H) in smaller drops (DH) in each cross-wall to ensure that the hydraulic conditions inside are in the range of the physical capacities of fish fauna and, thus, enable their passage.
Depending on the type of fishway, they can have different kinds (slots, notches, or orifices) and number of connections in the cross-walls between pools, from a single slot, like for example in some VSFs, to multiple combinations in SPNFs.
The discharge and performance of fishways can be modeled in many different ways, which enables the classification of these hydraulic calculations into two big groups: dimensionless relationships (Rajaratnam et al., 1986 (Rajaratnam et al., , 1989 Ead et al., 2004; Yagci, 2010) and classical weir equations (Larinier, 1992; Clay, 1995; Martínez de Azagra, 1999; Boiten and Dommerholt, 2006; Krüger et al., 2010) . The first group of equations is only useful when DH is equal to the topographic difference between pools (DZ) (i.e. same water depth in all pools) (Rajaratnam et al., 1986) . This is known as uniform regimen, which is difficult to achieve in field conditions due to the temporal variability of river flow Marriner et al., 2016) . Regarding classical weir equations, the most commonly used equations are the orifice equations derived from Torricelli's law (Torricelli, 1644) as well as Poleni's weir equation (Poleni, 1717 ). An accurate selection of the discharge coefficients for these equations is vital in order to achieve precise results, both under uniform (DH = DZ) as well as under non-uniform (DH ≠ DZ) conditions. In order to use these equations under both conditions, it will be necessary to consider the water level upstream (h 0 1 ) and downstream (h 0 2 ) of the cross-wall (FuentesPérez et al., 2014) .
Non-uniform performance in fishways is usually classified in two main different water level profiles (Rajaratnam et al., 1986) : M1 or backwater profile, which produces higher mean depth (h 0 ) and smaller drops (DH < DZ) in the downstream pools of the fishway, and M2 or drawdown profile, which contrary, generates lower h 0 and higher drops (DH > DZ) in downstream pools. It is likely to occur in field conditions due to the variable hydrological regimen of river or small deviances in the construction of the fishway Marriner et al., 2016) . This will modify the hydrodynamics of the flow inside the fishway, which may lead to an incompatibility with fish fauna preferences or capabilities, affecting the efficiency of fish passage Sanz-Ronda et al., 2016) . For instance, M1 profiles may improve the passability due to the lower velocities in the crosswalls or the reduction on the volumetric power dissipation (VPD) within the pools, but it may decrease the attractivity due to reduction of velocity in the most downstream cross-walls. Contrary, M2 profiles may led to more attractive scenarios but may generate too demanding drops to be surpassed or conditions with too high VPD in downstream pools.
Thus, non-uniformity must be considered in fishway research. However, the simplification of the study of fishways is a widespread problem and, in many cases, their performance is modeled according to uniform conditions (Rajaratnam et al., 1986; Wu et al., 1999; Puertas et al., 2004; Berm udez et al., 2010; Wang et al., 2010; Tarrade et al., 2011; among others) .
Using some of the most extended fishway guidelines (Larinier, 1992; FAO/DVWK, 2002; Krüger et al., 2010) it is possible to explain, at least partly, the non-uniform performance. Likewise, some recent works have shown that it is possible to use classical weir equations together with the submerged weir discharge coefficient (C s ) proposed by Villemonte (1947) to model fishway performance under uniform and non-uniform scenarios in specific subtypes of VSF (Fuentes-Pérez et al., 2014) and PWF .
In the present paper, we study the use of Villemonte's equation as a general discharge coefficient definition for flow and water level calculation of all stepped fishway types under field conditions. This is achieved by calibrating the discharge coefficient for the different fishway types (PWF, VSF and SPNF) and subtypes (different morphologies within the types) studied in the field and in specialized literature, which will enable us to validate this general methodology. The main contributions of this paper are: to (i) prove the usefulness of Villemonte's equation as a general method for the estimation of stepped fishway discharge and water levels under uniform and non-uniform scenarios; (ii) adjust the coefficients of this equation for flow measurement in stepped fishway types and subtypes proposed by the specialized literature as well as field cases; and (iii) show that this equation is able to unify findings in different scientific references.
Material and methods

Theoretical background: recommended discharge equations
The performance and discharge of stepped fishways will be explained by means of classical weir equations. The equation for weirs proposed by Poleni (1717) (Eq. (1)) will be used to describe the flow (Q) through notches (Larinier, 1992; Martínez de Azagra, 1999; FAO/DVWK, 2002) and slots (FAO/DVWK, 2002; Krüger et al., 2010) . On the other hand, the orifice equation derived from Torricelli's law (Torricelli, 1644 ) (Eq. (2)) will be used to describe the Q through orifices (Larinier, 1992; Martínez de Azagra, 1999; FAO/DVWK, 2002; Boiten and Dommerholt, 2006) .
where g stands for the gravity, h 1 is the water level upstream the cross-wall deducting the sill height (p), b is the width of notches, slots or orifices, a is the height of the orifice and C (C s and C o ) stands for the discharge coefficients. Multiple fishways studies have demonstrated that C o can be considered independent of the different water level variables involved (DH, h 2 and h 1 , where h 2 is the water level downstream the cross-wall deducting p) (Brater et al., 1996; Boiten and Dommerholt, 2006; Fuentes-Pérez et al., 2016) . This property is derived from equation (2) and, for this reason, it can be considered that C o will only vary according to the geometrical variables of the orifice (dimensions, shape and cross-wall thickness).
For slots and notches, Villemonte's submerged coefficient will be used as a generic discharge coefficient (Villemonte, 1947) . Villemonte derived his coefficient assuming that Q is the difference between the free-flow discharge due to h 1 (Q 1 ) and the counter-flow discharge due to h 2 (Q 2 ) ( Fig. 2 and Eq. (3)).
The experiments carried out by Villemonte confirmed this hypothesis, Q/Q 1 (C s ) is related functionally to 1 À Q 2 /Q 1 . Considering this and replacing Q 1 and Q 2 by equation (1), the final form of C s is obtained (Eq. (4)).
where b 0 and b 1 are coefficients which depend on the geometry of the slot or notch, pool dimensions, and the discharge equation used. Villemonte concluded that b 1 was equal to 0.385 in all his experiments for submerged weirs, however he recommended its calibration for different setups. b 0 can be considered as a constant approximation of a free discharge coefficient.
Hypothesis testing through case studies
Data from peer-reviewed scientific studies, grey literature and from our own field experiments were used to test the hypothesis: Villemonte's equation can be adapted to model different types of stepped fishway under uniform and nonuniform conditions.
A systematic search was carried out following the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines (Moher et al., 2009 ) (S1 Appendix). This systematic search was carried out in Google Scholar as well as in Web of Science and Scopus from conception to September 2016 for articles and grey literature on VSFs, PWFs and SPNFs. To standardize and minimize errors only studies containing raw data and appropriate geometrical descriptions were considered for calibrating purpose. This is rather difficult to find and, aside data from our own field tests, only references for VSFs were found useful (Rajaratnam et al., 1986 (Rajaratnam et al., , 1992 FAO/DVWK, 2002; Puertas et al., 2004 ) (Tab. 1). Likewise, as only English has been used for the search, this might have introduced a language bias.
Regarding field studies (8 in total), all the fishways are located in the basin of the Duero River, in North-Central Spain (Fig. 3) . The Department of Hydraulics and Hydrology of the University of Valladolid was involved in the design of all of them. The information about location, characteristics and geometry of each fishway can be found in S2 Appendix. 
Experimental arrangement
The following experimental procedure was used for all field experiments. The geometrical parameters of each structure were measured by topographic surveying with a total station Leica TC307 to a precision of 0.001 m. Smaller details, such as orifice, notch and slot dimensions were measured by means of metal rulers to the same precision level.
The discharge of each scenario (different studied water level configurations, Tab. 2) through the structures was obtained by chemical gaging (precision of 0.004 m 3 /s) using Rhodamine WT as tracer (Martínez, 2001 ). In cases where was possible, boundary conditions were artificially modified in the fishways in order to increase the number of studied scenarios. For example, when there was a gate situated upstream, different discharges were measured and, if possible, the water level downstream was also increased and decreased by modifying the section of the last control structures, creating new scenarios (Tab. 2) (see S2 Appendix for the geometrical information of the field cases and S3 Data Appendix for discharge, water levels and boundary conditions of each studied scenario).
Water levels were measured to a millimetric precision in each of the pools, by means of metal rulers installed where water surface was found more stable (downstream of the crosswall and 0.40 m from the sidewall opposite to the notch (0.15B) or slot (0.25B)). Water level oscillations were recorded for 8 s using a camera (Canon EOS 600D) with a sampling rate of 25 Hz; in all cases after 2 s (50 samples) a stable mean value for the water level was obtained. For SPNF, due to the nature-like morphology and, thus, the absence of clear reference points for the metal rulers, water levels were measured in each of the corners of the pools using the total station. The mean value was used for calculations.
Data fitting and validation
Data from the literature review and field experiments were combined for each of the different stepped fishway types considered (VSF, PWF or SPNF) and within them for the different possible subtypes (e.g. VSF designs from No. 1 to No. 18 of Rajaratnam et al., 1986) . Fishway subtypes are defined as fishways that, within the same type, have substantial differences in the configurations which result in a modification of the flow pattern. A global data table was created for each subtype with the necessary variables to study the proposed relations (i.e. type, subtype, h 2 , h 1 , DZ, Q and b and a, for each of the connections (Fig. 1) if applicable) . Curve fitting to calculate Villemonte's coefficients (b 0 and b 1 in Eq. (4)) for each study case was undertaken in R, release 3.3.1 (R Core Team, 2016). Following this, all fitted coefficients for each type and subtype of fishway were evaluated using root mean square errors (RMSEs) and determination coefficient (R 2 ) as well as graphically. The proposed method was compared with other available methods of calculation for each fishway type. When different number of fitting parameters were involved between two different fishway calculation methods Bayesian Information Criterion (BIC) was used to compare the performance (Priestley, 1981; Kass and Wasserman, 1995) .
In VSFs analysis, as an example, to demonstrate the applicability of the method here proposed, fitted equations were used to predict water level distributions (predicted data). In these cases, mean relative error (MRE) with respect to the measured real data (observed data), was used as descriptor of the achieved accuracy.
3 Results and discussion
Vertical slot fishways
Considering the number of references by fishway, VSFs seem to be one of the most studied and extended fishway types in the world. In 1986 and 1992 Rajaratnam et al. conducted the largest serial study to date of this type of structures. The VSF subtypes defined in these papers (18 in total) have been used as a reference for successive works (Puertas et al., 2004; Fuentes-Pérez et al., 2014) (for a complete description of the geometry of these subtypes please see the original references (Rajaratnam et al., 1986 (Rajaratnam et al., , 1992 ). These authors defined dimensionless relationships to explain VSF performance (Eqs. (S4.1) and (S4.2) in S4 Appendix), including slope (S) as a variable and only mean water level in the pool (h 0 ) as a water level descriptor. This has been proven to be useful for uniform scenarios; however, it is invalid to estimate flow and water level distributions in non-uniform scenarios (Rajaratnam et al., 1986; Fuentes-Pérez et al., 2014) . Table 3 summarizes the number of observations, the origin of data as well as the fitted coefficients for equation (4) for each subtype of VSF defined by Rajaratnam et al. (1986 Rajaratnam et al. ( , 1992 after literature and experimental data combination. In all cases, the use of equation (4) as discharge coefficient enables to explain precisely the observed variability as shown by the R 2 value. It is worth mentioning that the lower R 2 for subtype 1 may be explained by the higher variances of the four field studies included, compared to the laboratory experiments (Rajaratnam et al., 1986 (Rajaratnam et al., , 1992 Puertas et al., 2004) (Fig. 4a) .
Figures 4a and b show the fits for some common VSF subtypes using Villemonte's equation. This equation is able to unify findings and observations of different studies. In addition, as shown in Figure 4a , the same fit could be used in subtypes 2 and 1 despite the presence of a small sill (p = 0.15 m) in the former.
Although in equation (4), S is not considered, the relation between h 2 and h 1 alone is able to account for the observed variance caused by different S configurations in the same subtype. This can be explained by the fact that S will determine the relation between both variables (h 2 and h 1 ) under uniform conditions (S•(L þ e) = DZ = DH = h 1 Àh 2 , where L is the length of the pool and e is the thickness of the cross-wall) (Fuentes-Pérez et al., 2014) . For this reason, it is possible to use the equation independently of the selected S, considering only the subtype and the observed water level distributions. It is worth mentioning that in cases where S = 0 (fishways without slope) (Bice et al., 2017) , the performance will always be nonuniform (Musall et al., 2015) and DH will only depend on the boundary conditions used. Although equation (4) allows its calculation, dimensionless relationships (Eqs. (S4.1) and (S4.2) in S4 Appendix) (Rajaratnam et al., 1986 (Rajaratnam et al., , 1992 will lead to an indetermination in these cases, as S is a divider in equation (S4.1). Figure 5a shows the potential of the proposed equation by correctly estimating the performances observed by Rajaratnam et al. (1986) . In contrast to dimensionless relationships proposed by Rajaratnam et al. (1986) , as h 2 and h 1 are involved in the proposed method, considering the geometrical parameters of the fishway, the bottom-up resolution of equation (1) and equation (4) The correct estimation of water level distribution is vital to assess the performance of fishways, as from this, other variables which are directly related with fish preferences and swimming abilities (Larinier, 2002a (Larinier, , 2002b , such as volumetric power dissipation (VPD = r · g · DH · Q/(B · L · h 0 ), where r is the water density and B is the width of the pool) (FAO/DVWK, 2002; Towler et al., 2015) or maximum velocity in the crosswall (V max ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 2·g·DH p ) (Rajaratnam et al., 1986; Larinier, 2002b) can be estimated. Therefore, this method will enable the analysis of the possible consequences in fish passage of different hydraulic scenarios and, thus, it will allow the preliminary evaluation of the passage and detection of possible problems during the whole hydrological period.
In recent years, different equations or equation combinations have been proposed to explain the performance of the discharge coefficient in VSFs under uniform and non-uniform scenarios (Krüger et al., 2010; Fuentes-Pérez et al., 2014; Marriner et al., 2016) . However, all of them present limitations that can be overcome with the use of equation (4).
For instance, Krüger et al. (2010) proposed the use of a similar equation to equation (4) but allowing the constant exponent 1.5 to be adjusted for each VSF subtype (Eq. (S4.3) in S4 Appendix). This only provides slightly higher R 2 in the 46% of cases (in the 54% of cases Eq. (4) provides higher R 2 ); however, in the 96% of cases 1.5 is in the 95% of confident interval of the exponent, which consequently seems to indicate that the fit of this variable is unnecessary. Likewise, if the number of free parameters (three against two) is taken into account and the collected data is applied to fit both equations, equation (4) will produce better fits in 67% of studied cases (BIC Eq.(4) < BIC Eq.(S4.3) ) and in 40% of all cases the difference will not be significant (|BIC Eq.(4) À BIC Eq.(S4.3) | < 2), which seems to indicate an overfitting problem in the equation proposed by Krüger et al. (2010) . Moreover, Villemonte's approach enables the comparison of different fishways, as b 0 and b 1 in equation (4) provide, directly, information about hydrodynamic performance. b 0 provides information about the horizontal asymptote to be reached by the fit and b 1 (indicative of the curvature of the fit) provides information about the evolution of the coefficient with the submergence.
In Fuentes-Pérez et al. (2014) , as an alternative to the combination of equations (1) and (4), equation (2) together with equation (4) was suggested for flow estimation in VSFs (e.g. Figs. 4c and 5c ). Equation (2) has been widely recommended by specialized references as it has a physical justification (Clay, 1995; Martínez de Azagra, 1999; Larinier, 2002b; Marriner et al., 2016) and as it collects part of the variability caused by the non-uniform performance itself (without Eq. (4)). This allows a better flow calculation than with equation (1) in the first states of non-uniformity when a constant discharge coefficient is used (Fig. 5b) . However, as can be seen from Figures 4c, 5b, 5c and Table 4 , the use of equation (4) is also necessary to collect all the variability produced by non-uniformity and to accurately calculate the flow and water level distribution. When equation (4) is used, good results are expected with both equations (Tab. 4). Nevertheless, the use of equation (2) instead of equation (1), can also reduce the interpretability of equation (4), as the (1) and (4). (b) Equation (2) and constant coefficient (C = 0.56). (c) Equations (2) and (4). Table 4 . Mean relative error for equation combinations and scenarios represented in Figure 5 .
Scenario
Error (%) Equation (1) and equation (4) Equation (2) and equation (4) Equation (2) variability due to non-uniformity is distributed in two different equations (Eqs. (2) and (4)), instead of only one (Eq. (4)).
Pool and weir fishways
Villemonte's equation was originally proposed for submerged weirs and, therefore, it has been widely used to calculate the flow over PWF. Although Villemonte adjusted the equation for sharp-crested weirs with specific experimental conditions and suggested new fits for different conditions, in practice, the originally proposed coefficients have been indiscriminately used in PWFs (Larinier, 1992; Martínez de Azagra, 1999; FAO/DVWK, 2002) . The utility of equation (4) and the convenience of specific fits for a PWF subtype has been previously shown in Fuentes-Pérez et al. (2016) .
The notch of PWFs can perform under two different flow regimen conditions, plunging (or free flow) and streaming (or submerged flow), depending on the influence of h 2 over h 1 (Rajaratnam et al., 1988) . In the first case, h 2 = 0 (h 0 2 < p, see Fig. 2 ) allowing the free flow, while in the later performance h 2 > 0 (h 0 2 > p, see Fig. 2 ) and, thus, h 2 slowdowns the flow due to h 1 . These performances can be found independently or mixed within a fishway. Therefore, the proposed equations must be able to describe both possible conditions. Usually, and for practical reasons, a constant discharge coefficient is used for notch in plunging performance (Larinier, 1992; Martínez de Azagra, 1999; FAO/DVWK, 2002) . This is because the coefficient only changes significantly for low water levels over the sill which is not a typical performance of fishways (Rehbock, 1929; Ead et al., 2004; Fuentes-Pérez et al., 2016) . For this reason, b 0 in equation (4) can be considered as a constant approximation of the free discharge coefficient (when free flow h 2 /h 1 = 0 consequently C s = b 0 ) and, thus, equation (4) can be used as a general descriptor of plunging and streaming performances. For studies focused on low discharges over fishways, and usually outside their operation range, the use of a variable b 0 is recommended (cf. Fuentes-Pérez et al. (2016) ).
PWFs besides a notch also tend to have an orifice, as an alternative passage for fish fauna (Silva et al., 2009; Branco et al., 2013) or to facilitate fishway cleaning (Larinier, 2002b) . Thus, the discharge of the orifice must be considered.
As previously shown, the C o for orifices will be constant. Therefore, 0.876 has been used for C o in all field scenarios to calculate the parameters of equation (4). This value is within the coefficient range recommended by specialized references (Martínez de Azagra, 1999; FAO/DVWK, 2002; Larinier, 2002b; Boiten and Dommerholt, 2006) and was calculated for the subtype under study in a systematic field study (Fuentes-Pérez et al., 2016) . Nevertheless, appropriate specific constant C o values for submerged orifices can be found in Brater et al. (1996) .
Considering all of the above, i.e. constant C o and b 0 , Figure 6 shows the C s distribution for the studied PWFs cases. As shown in the figure, considering the b 1 proposed by Villemonte (b 1 = 0.385), as suggested by specialized references, and fitting only b 0 , provides a good result; however as recommended by Villemonte, a specific fit offers significant better results (R 2 of 0.755 versus 0.683, RMSE 0.0474 versus 0.0538 and BIC Eq.(4) < BIC Eq.(4),b1 = 0.385 ).
The studied field cases involve a b value for the notch in the range of 0.20-0.40 m and a side length for the square orifice in the range of 0.15-0.25 m (Tab. S2.2 in S2 Appendix), which demonstrates the utility of the fit for different notch dimensions. However, all the studied cases have similar configuration (i.e. the flow pattern is similar and therefore they can be considered the same subtype) and, thus, as for the VSF, new fits are recommended for different possible subtypes.
A common alternative calculation to the one described above are the dimensionless relations proposed by Rajaratnam et al. (1988) (Eqs. (S4.4) and (S4.5) in S4 Appendix). These equations have been studied and validated in a number of studies (Ead et al., 2004; Yagci, 2010) . However, each of the equations proposed by Rajaratnam et al. (1988) is defined for a possible regimen (plunging or streaming), not allowing mixed scenarios. Furthermore, as the dimensionless relations proposed by the same authors for VSFs, they depend on S and they only consider h 0 as water level descriptor, which does not allow their use under non-uniform conditions and generate indeterminations in some cases (e.g. S = 0).
3.3
Step-pool nature-like fishway Most of hydraulic studies on SPNFs have focused on the evaluation of velocity, dissipated energy or friction factors (Pagliara and Chiavaccini, 2006; Wang and Hartlieb, 2011; Oertel and Schlenkhoff, 2012) and, there are no specific studies on discharge and discharge coefficients.
Despite the lack of published studies, design guidelines recommend the use of discharge and discharge coefficient equations. For instance, FAO/DVWK (2002) and Larinier et al. (2006) recommend the use of the equation for submerged flow in broad-crested weirs. This consists of the use of an equation similar to equation (1) together with a drowned-flow reduction factor (s) (Schröder, 1994) (Eqs. (S4.6 ) and (S4.7) in S4 Appendix) and a reduction constant coefficient (m) that depends on the geometry of the stones (range from 0.5 to 0.8 if they are sharp-edged or rounded stones respectively (FAO/ DVWK, 2002) ). In the same way, Hegberg et al. (2001) proposed the use of the equation for sharp-crested weirs of Villemonte (Eqs. (1) and (4) the studied case), it is a common practice (FAO/DVWK, 2002; Larinier et al., 2006) to consider for all type of connections same discharge coefficient (i.e. same exponents and coefficients in the discharge coefficient equation). Figure 7 shows both methods fitted for the field case data in a SPNF together with the fit of Villemonte's equation, where both parameters involved (b 0 and b 1 ) have been recalculated given the different settings from the ones originally used by the author. As shown by the fit for the broad-crested weir method (FAO/DVWK, 2002; Larinier et al., 2006) , it assumes that for situations with h 2 /h 1 < 0.614 there is no influence of h 2 in the flow, which does not fit the observed data distribution (RMSE = 0.3433).
When comparing the b 1 fitted with that proposed in Villemonte's experiments, as recommended by Hegberg et al. (2001) , fitting both parameters provide better significant results (RMSE of 0.0573 versus 0.0583 and BIC Eq.(4) < BIC Eq. (4),b1 = 0.385 ) (Fig. 7) . However, the difference is smaller than the one observed for other fishway types (Figs. 4 and 6 ). This could be explained by the smaller slopes, longer pool length and less turbulence of SPNFs compared with other fishway types, which are closer to the experimental conditions used by Villemonte (without slope (S = 0) and h 1 and h 2 measured outside the influence of turbulence). It is noteworthy that the presented result needed to be further studied as only data from one field study has been considered.
In addition, further considerations should be taken into account when overtopping flows occur. In these cases, the cross-walls are completely submerged and the fishway behaves like a channel with continuous roughness in the bottom. Under these conditions, the flow is usually explained by means of relative energy dissipation and friction factors in SPNFs (Oertel and Schlenkhoff, 2012) . These variables will depend on the configuration of the boulder arrangements (boulder size, shape and concentration), the slope (Oertel and Schlenkhoff, 2012; Cassan and Laurens, 2016) and also on the submergence ratio (Oertel and Schlenkhoff, 2012; Baki et al., 2014) . Likewise, more studies under these experimental conditions are necessary to evaluate the performance of the proposed equations. Nevertheless, these conditions can always be controlled with an adequate design or a control gate upstream of the facility.
Summary and conclusions
This article shows how a single equation, Villemonte's equation, can be used to calculate the flow and water level distribution of the most common type of stepped fishways under different hydrodynamic conditions, which provides a standardized method for the design and calibration of the performance of these structures. In addition, compared to more extended methods, this equation has shown a better performance not only due to its simplicity, better fit or capacity to unify the different references, but also due to its ability to explain uniform and non-uniform scenarios with a single equation.
In general, in order to obtain an optimal solution, it seems necessary to estimate both free parameters involved in equation (4) (b 0 and b 1 ), which is understandable given the different experimental conditions used by Villemonte in his original studies. The possibility of modeling water level distribution in variable hydrodynamic scenarios provides us with the opportunity to study the variation of hydraulic parameters (e.g. VPD and V max ) within the fishway and ensures the fulfillment of fish fauna preferences in different flow conditions and during the whole hydrological period. Furthermore, if incompatibilities with fish fauna are detected, possible solutions can be tested using the proposed equations. This possibility of optimization in both design and operation will contribute to ensure the longitudinal connectivity in rivers and, thus, facilitate fish migration and species conservation.
In future studies, it would be interesting to validate Villemonte's methodology in other subtypes of fishway, for instance those with non-rectangular shape connections (e.g. triangular, parabolic, etc.).
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